The complexes 3 TeMe}] (X ¼ F, Cl, Br) have been identified in solution by multinuclear NMR spectroscopy, but decompose rapidly, whilst o-C 6 H 4 (TeMe) 2 decomposes immediately on contact with BBr 3 or BCl 3 . Dealkylation of some of the chalcogenoether ligands at room temperature by BI 3 , to yield complexes including [BI 2 {o-C 6 H 4 S(SMe)] and [BI 2 {o-C 6 H 4 Se(SeMe)], has been identified and the X-ray structure of [BI 2 {o-C 6 H 4 Se(SeMe)] determined. The trends in behaviour along the series of boron halides and with the various chalcogenoethers are described and compared with the behaviour of BX 3 with neutral phosphorus and arsenic donor ligands (Burt et al., Inorg. Chem., 2016, 55, 8852) and with [BX 3 (EMe 2 )] (E ¼ S, Se, Te) (Okio et al., J. Organometal. Chem., 2017, 848, 232).
Introduction
Almost 100 years ago, G. N. Lewis proposed the concept of (Lewis) acids and bases as electron pair acceptors and electron pair donors respectively [1] , and this concept has become a classification widely used in much p-block chemistry. Boron and aluminium trihalides are textbook examples of Lewis acids. Study of boron derivatives BY 3 , where Y ¼ halide, H, substituted aryl, remains an active area of research both in terms of fundamental chemistry [2e5] , and their many applications in organic synthesis [6, 7] . Trends in Lewis acidity with Y are commonly quoted in textbooks, for example with halide, F < Cl < Br < I, which was originally ascribed to p-bonding between the halogen lone pairs and the empty boron p-orbital, which decreased down Group 13, hence reducing the Lewis acidity of the boron centre. More detailed studies show that the order can vary with the Lewis base involved.
For example, Et 2 O forms stronger bonds with BF 3 than BH 3 , but for SMe 2 the reverse order is found [8] . Much computational work over the past fifteen years has been devoted to exploring the factors involved, almost all has focussed on complexes with N-or O-donor ligands. The results of the different DFT calculations may differ in fine details, however, it is generally agreed that the order of Lewis acidity results from the varying strength of the s-interactions, and in some cases a steric component, with the p-bonding explanation now discounted [2,9e11] . It is important to note that the properties of both the Lewis acid and Lewis base in a complex must be taken in consideration, and that calculations deal with gas phase species, meaning solvation or solid state effects may mask Lewis acidity trends in solution or in the solid state. As noted above, detailed studies of N-and O-donor ligand complexes have been carried out [2e5] , but data on neutral heavier donor ligand complexes are much less common [12] .
We recently reported full X-ray crystallographic and multinuclear NMR studies of chalcogenoether complexes [BX 3 (EMe 2 )] (EMe 2 , E ¼ S, Se and Te) of all four boron halides [13] . This work included the structures of [BX 3 (EMe 2 )] (X ¼ Cl, Br, I; E ¼ Te and X ¼ Cl, Br; E ¼ Se) which, along with the tetrahydrothiophene adducts, [BX 3 (tht)] [14] , are the only chalogenoether adducts of BX 3 for which structural parameters have been determined. The BÀE bond lengths decrease with halide Cl > Br > I, consistent with the increasing Lewis acidity in this order. The adducts [BF 3 (EMe 2 )] are less stable oils, with significant vapour pressure of BF 3 at ambient temperatures [13, 15] , and whilst multinuclear NMR data ( 19 F, 11 B, 125 Te) identified [BF 3 (TeMe 2 )] for the first time, this was very unstable and not obtained as a pure species [13] . We have also reported [16] a systematic study of complexes of the boron halides with diphosphine and diarsine ligands, which established that, whilst flexible bidentates, R 2 P(CH 2 ) 2 PR 2 (R ¼ Et or Me), formed ligand bridged dimers only, i.e. [X 3 B{m-R 2 P(CH 2 ) 2 PR 2 }BX 3 ], the ophenylene-backboned o-C 6 H 4 (EMe 2 ) 2 (E ¼ P or As), which are preorganised for chelation, produced the first examples of dihaloboronium cations, [BX 2 {o-C 6 H 4 (EMe 2 ) 2 }] þ with P-or As-donors.
Surprisingly, no exploration of the coordination chemistry of boron halides with bi-or poly-chalcogenoethers has been reported, and hence we describe here a systematic investigation into the synthesis, spectroscopic and structural properties of such complexes and some reaction chemistry thereof. Cleavage of i PrÀS bonds in substituted o-C 6 H 3 R(S i Pr) 2 by prolonged heating with BBr 3 to yield dithiaboroles, o-C 6 H 3 RS 2 BBr, has been reported very recently [17] .
Experimental
Infrared spectra were recorded as Nujol mulls between CsI plates using a Perkin-Elmer Spectrum 100 spectrometer over the range 4000e200 cm
À1
. 1 [(BCl 3 ) 2 {EtS(CH 2 ) 2 SEt}]: EtS(CH 2 ) 2 SEt (0.17 g, 1.13 mmol) was dispersed in stirring n-hexane (15 mL), and BCl 3 gas slowly bubbled into the solution for 5 min, resulting in the rapid formation of a white powdery precipitate. The BCl 3 addition was stopped, and the mixture stirred for 30 min, after which the white precipitate was isolated by filtration and dried to a white powder in vacuo. Yield: 0.38 g (86%). Anal. Calcd for C 6 
(m) (BF).
[BCl 3 {o-C 6 H 4 (SMe) 2 }]: o-C 6 H 4 (SMe) 2 (0.15 g, 0.88 mmol) was dispersed in stirred n-hexane (15 mL), and BCl 3 gas slowly bubbled into the solution for 5 min, resulting in the rapid formation of a white powdery precipitate. The BCl 3 was stopped, and the mixture stirred for 30 min, after which the white precipitate was isolated by filtration and dried to a white powder in vacuo. Yield: 0.24 g (93%). Anal. Calcd for C 8 
To a solution of o-C 6 H 4 (SMe) 2 (0.07 g, 0.41 mmol) in n-hexane (15 mL) was added dropwise BBr 3 (0.20 g, 0.80 mmol), which immediately led to the precipitation of a white solid. The reaction was stirred for 30 min, and then the white powder was isolated by filtration and dried in vacuo. Yield: 0.20 g (71%). Anal. Calcd for C 8 
[BI 3 {o-C 6 H 4 (SMe) 2 }]: An n-hexane (5 mL) solution of o-C 6 H 4 (SMe) 2 (0.04 g, 0.25 mmol) was added dropwise to a suspension of BI 3 (0.20 g, 0.51 mmol) in n-hexane (20 mL). A yellowish precipitate was obtained, which was then filtered off after 10 min, and dried in vacuo. Yield: 0.17 g (70%). Anal. Calcd for C 8 2 (0.04 g, 0.15 mmol) in n-hexane (15 mL) was added slowly to a n-hexane solution (15 mL) of BI 3 (0.12 g, 0.31 mmol), which immediately led to the precipitation of a white solid. The reaction was stirred for 1 h and then the white powder was isolated by filtration and dried in vacuo. Yield: 0.06 g (59%). Anal. Calcd for C 8 
X-ray experimental
Crystals of the complexes were grown from CH 2 Cl 2 solutions of the complexes allowed to evaporate slowly in the glove box. Data collections used a Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724 þ detector mounted at the window of an FR-E þ SuperBright molybdenum (l ¼ 0.71073 Å) rotating anode generator with VHF Varimax optics (70 mm focus) with the crystal held at 100 K. Structure solution and refinement were performed using SHELX(S/L)97, SHELX-2013 or SHELX-2014/7 [23] . H atoms bonded to C were placed in calculated positions using the default CÀH distance, and refined using a riding model. Details of the crystallographic parameters are given in Table 1 The complexes with X ¼ Cl or Br precipitate as pale yellow powders from n-hexane solutions of BX 3 and the diselenoether. The reaction of BI 3 with MeSe(CH 2 ) 2 SeMe in either n-hexane or CH 2 Cl 2 initially produces a yellow powder, which rapidly darkens, becoming red-brown after~20 min in contact with the solution. Multinuclear NMR data obtained immediately on mixing dilute dichloromethane solutions of the constituents (which also darkened over time), identified the formation of [(BI 3 ) 2 {m-MeSe(CH 2 ) 2 SeMe}] which typically constitutes~90% of the initial product. However, there is also a second species present which grows quite rapidly in solution in CH 2 Cl 2 and which was tentatively identified by multinuclear NMR spectroscopy as containing a selenoether-selenide ligand resulting from dealkylation at Se, probably [BI 2 {MeSe(CH 2 ) 2 Se)], although the data do not establish it is monomeric. In particular, the [19] with coordination shifts (D) of þ62 (Cl), þ127 (Br) and þ137 (I). Notably, whilst the resonance in the bromo-complex is a very broad singlet, that of [(BCl 3 ) 2 {MeSe(CH 2 ) 2 SeMe}] shows a distorted four line pattern (Fig. 5) (Fig. 9) was confirmed by the X-ray crystal structure obtained from crystals isolated by slow evaporation. The complex has a distorted tetrahedral geometry with d(BÀI) not significantly different to those in BI 3 -chalcogenoether complexes [ complexes described above coordinated only a single donor group to each BX 3 unit, it seemed unlikely that polydentate ligands would produce new motifs. In fact, reaction of excess BBr 3 with the spirocyclic C(CH 2 SMe) 4 
Conclusions
A series of dichalcogenoether complexes of the four boron trihalides have been prepared and characterised in detail. All contain tetrahedral coordination at boron and the detailed spectroscopic and structural data provided are consistent with increasing Lewis acidity BI 3 > BBr 3 > BCl 3 and with the affinity of the dichalcogenoethers for BX 3 decreasing down Group 16. The fluoride complexes are anomalous and in these the Group 16 ligands are weakly bound to the boron centre, as shown by their ready loss of BF 3 and by the solution spectroscopic data. The [BX 3 (ER 2 )] [13] show similar stability trends, and as is usually observed in p-block complexes [12, 16, 36 ] the phosphine and arsine analogues are much less dissociated than those with Group 16 donor ligands. The complex formation occurs immediately on mixing the reagents, but in some systems this is followed by CÀE cleavage reactions, which are greater in the order S < Se ≪ Te, as might be expected from the decreasing CÀE bond energies in this order. The dichalcogenoethers display more complicated chemistry than the [BX 3 (ER 2 )] [13] since they have more coordination modes available, and a wider range of decomposition routes possible. Thus, the instability of [(BF 3 ) 2 {MeSe(CH 2 ) 2 SeMe}] compared to [BF 3 (SeMe 2 ))] is due to the fragile dimethylene linkage, which is eliminated in the presence of the strong Lewis acid, behaviour observed in other systems with 1,2-diselenoethanes [32, 33] . Similarly, the decreased stability of [(BX 3 ) 2 {MeTe(CH 2 ) 3 TeMe}] compared to [BX 3 (TeMe 2 )] [13] is no doubt due to different CÀTe cleavage routes possible for the ditelluroether, and similar differences have been seen with other Lewis acids, including Al, Ga and In systems [27, 28, 37, 38] . The specific CÀE dealkylations are observed most readily with BI 3 and o-C 6 H 4 (EMe) 2 (E ¼ S, Se), (for E ¼ Te, complete decomposition occurs on mixing the ditelluroether with BI 3 ), and whilst the initial complexation occurs very rapidly, this dealkylation occurs more slowly in solution. Mechanistically, it is likely that the complexation polarises the CÀE bond, and then bond cleavage to eliminate CH 3 I occurs (CH 3 I was identified in the 1 H NMR spectra). 4 ], as found with P or As analogues, is probably traceable to the weaker BÀE bonds compared to BÀP(As), which are unable to displace a BÀX group, even with excess Lewis acid (BX 3 ) present to aid the reaction (by forming the corresponding [BX 4 ] À ) [16] .
